Members of the species Erwinia chrysanthemi are phytopathogenic enterobacteria causing softrot disease due, in part, to the secretion of pectolytic enzymes. We studied the secretion of pectate lyases by using Mu-lac insertion mutagenesis in E. chrysanthemi strain 3937. Analysis of P-galactosidase expression of the out-lac fusions, in different growth conditions, showed that the expression of the out gene is constitutive. Compartmentation of pectate lyases during growth suggests that these enzymes are first exported to the periplasm with formation of an intracellular pool of active pectate lyases and then released into the extracellular medium. In the out mutants, pectate lyases are retained in the periplasm. Analysis by electrofocusing showed that the pectate lyases are not modified during the transfer via the outer membrane. A 65 kDa protein is absent from the periplasm of the out mutants; this protein could have a role in the secretory system of E. ch rysan themi.
strain 3937 deficient for secretion of both pectate lyases and cellulases (Andro et al., 1984) showed that these five pectate lyases and the cellulases of E. chrysanthemi are secreted by a common mechanism. The non-secretory mutants retained both types of enzymes in the periplasmic space. In contrast, the secretion of protease is not affected by the mutation (Andro et al., 1984) . Recently, similar non-secretory mutants were isolated in E. chrysanthemi strain EC16 (Thurn & Chatterjee, 1985) ; a protein of 35 kDa was absent from the periplasm of these mutants. This periplasmic protein could be the product of the mutated gene.
E. chrysanthemi strain 3937 is suitable for genetic analysis. It is sensitive to phage Mu (Faelen et al., 1981) and to the generalized transducing phage phi-EC2 (Resibois et al., 1984) ; it accepts transferable plasmids such as RP4 derivatives which c,an be used for in vivo cloning or chromosome mobilization (Van Gijsegem & Toussaint, 1981) and an Hfr strain has been constructed (Kotoujansky et al., 1982) . Moreover, lac2 mutants of 3937 have been isolated (Hugouvieux-Cotte-Pattat & Robert-Baudouy, 1985 a) which permit the use of gene fusion methods in this strain (Hugouvieux-Cotte-Pattat & Robert-Baudouy, 1985 6) .
In this paper, we describe the isolation of Mu-lac (Casadaban & Cohen 1979; Castilho et al., 1984) insertions into genes of E. chrysanthemi involved in the secretion of pectate lyases and designated as out genes. Some of these insertions resulted in out-lac fusions and permitted the analysis of the expression of the corresponding out gene.
METHODS
Bacterial strains, phages and plasmid. The bacterial strains used are listed in Table 1 . All the E. chrysanthemi strains originated from the wild-type strain 3937 (Kotoujansky et al., 1982) , which is unable to use lactose and glucuronate as carbon sources for growth. Mutants utilizing these sugars were designated as lmrTC and exuTc, respectively, since they have derepressed transport systems able to mediate the entry of these sugars (HugouvieuxCotte-Pattat & Robert-Baudouy, 1985a; Hugouvieux-Cotte-Pattat et al., 1983) .
Media and growth conditions. Cells were usually grown at 30 "C in complete medium L or in synthetic medium M63 (Miller, 1972) supplemented with a carbon source (2g1-I) and, when necessary, with amino acids (40 pg ml-I). Polygalacturonate (PGA) (grade 11, Sigma) was added at 4 g 1-'. Low-phosphate medium was Trisglucose medium supplemented with proteose peptone (Gharbi et al., 1985) . Semi-aerobic conditions were achieved in tubes filled to 90% total volume and closed at the top, using minimal M63 medium supplemented with fumarate.
Plate assaysfor detection of secreted enzymes. Isolated clones were replicated on solid M63 medium containing PGA as a pectolytic enzyme substrate. After incubation, the plates were stained by flooding with 10% (w/v) copper acetate, which forms a blue complex with the polymer, leaving clear haloes around colonies secreting pectolytic enzymes. Secreted cellulases made clear haloes around clones replicated on medium containing carboxymethylcellulose, after staining for 15 min with congo red and washing with 1 M-NaCl (Wood, 1980) . Proteases were detected on medium containing 1 % (w/v) skim milk (Difco); proteolytic activity leads to a clear zone around the colonies secreting proteases.
CeN fractionation. Culture supernatants were assayed directly for enzyme activities. The periplasmic fraction was obtained by using the sucrose-EDTA method of Andro et al. (1984) . Resulting spheroplasts were lysed by toluenization to obtain the cytoplasmic plus membrane fraction. A second fractionation method using chloroform was also employed to obtain the periplasmic fluid (Ferro-Luzzi Ames et al., 1984) .
Enzyme assays. Pectate lyase (EC 4.2.2.10) activity was assayed spectrophotometrically at 230 nm, a wavelength at which unsaturated uronide products absorb (Moran et af., 1968) . The reaction mixture contained 100 mM-Tris/HCl pH 8.5, 1 mM-CaC1, and 0.125% (w/v) sodium polygalacturonate, in a total volume of 1 ml. An increase in absorbance of 5.2 was considered to represent the formation of 1 pmol unsaturated uronide product in the reaction mixture.
P-Galactosidase (EC 3.2.1.23) was assayed as described by Miller (1972) except that o-nitrophenyl-b-Dgalactopyranoside (ONPG) cleavage was followed spectrophotometrically at 420 nm. Total P-galactosidase activity was assayed after toluenization. One unit was defined as the amount of enzyme which catalyses the hydrolysis of 1 nmol ONPG min-' .
P-Lactamase (EC 3.5.2.6), a typical periplasmic marker, was measured by microiodometry (Sykes & Nordstrom, 1972) . One unit was defined as the amount of enzyme which catalyses the hydrolysis of 1 nmol ampicillin min-l .
Proteolytic activity was assayed at pH 7.2 with azocasein as the substrate (Wandersmanet af., 1986) . One unit is defined as the amount of enzyme which hydrolyses 1 mg azocasein in 30 min at 37 "C.
Cellulase activity was measured by determining the amount of reducing sugars released from carboxymethyl- Castilho et al. (1984) Van Gijsegem & Toussaint (1982) cellulose as described by Boyer et al. (1984) . One unit of activity corresponds to 1 nmol glucose equivalent liberated min-'. Electrofocusing ofpectate lyases. Ultrathin polyacrylamide gels were used to focus pectate lyases in the pH range 3.5-9.5. The electrofocusing was done at 30 W for 1.5 h with 0.1 M-NaOH and 0.1 M-H,SO, respectively, as catholyte and anolyte. After protein separation, pectolytic activities were detected as described by Bertheau et al.
(1 984).
SDS-PAGE. Samples were prepared for electrophoresis and separated in 10% (w/v) acrylamide slabs prepared by the method of Laemmli (1970) . Proteins were stained with AgN03 (Oakley et al., 1980) . Isolation of Mu insertion mutants. Mud(Ap1ac) and MudI 1681 (Km') were prepared by heat induction of Esch. coli strains MAL103 (Casadaban & Cohen, 1979) and POI1681 (Castilho et al., 1984) , respectively. A fresh saturated culture of the E. chrysanthemi recipient strain was infected with the Mu-lac lysates as previously described (Hugouvieux-Cotte-Pattat & Robert-Baudouy, 1985 b). Antibiotic-resistant lysogens were selected by plating the appropriate dilution on L agar containing ampicillin (10 pg m1-I) or kanamycin (20 pg ml-I).
Transductions and matings. Transductions with the E. chrysanthemi generalized transducing phage phi-EC2 were done according to Resibois et al. (1984) . Matings for plasmid transfer were done according to Van Gijsegem & Toussaint (1983) .
R E S U L T S
Isolation of Mu insertion mutants lacZ mutants of E. chrysanthemi were mutagenized with phage Mud(Ap1ac) or MudI 1681. Polygalacturonate-non-fermenting (PGA-) mutants appeared at a frequency of about among Mu lysogens selected for the antibiotic resistance carried by the phage (Apr or Km'). These mutants were purified and analysed to determine the site of their mutation. Clones unable J . J I AND OTHERS Table 2 . Distribution of enzyme activities in subcellular fractions Enzyme activities were assayed as described in the text and are expressed as a percentage of the total activity for the respective enzyme. Total activities are expressed in pmol min-' (mg bacterial dry weight)-' for pectate lyase, and in units (mg bacterial dry weight)-' for cellulase, protease, 8-galactosidase and 8-lactamase. Cells of the mutant strain A341 and of the parental strain A622 were fractionated by a lysozyme-EDTA method as described in the text. The culture medium was minimal medium supplemented with PGA, galacturonate, skim milk and ampicillin.
A622 (wild-type)
A341 (out-2) (Condemine et al., 1986) . Mu lysogens exhibiting either a reduction in size or an absence of the normal haloes on this medium were retained as potential mutants affected in the secretion of pectate lyases.
Characterization of the out mutants Eight independent mutants obtained by Mu d(Ap1ac) insertion, and five mutants obtained by MudI 1681 insertion, were assayed for pectate lyase synthesis by using whole-cell extracts. Clones with decreased pectate lyase activity were probably affected at the level of expression of the pel genes and were discarded. Seven mutants (A265, A341, A655, A692, A769, A770 and A839) showed normal pectate lyase total activity. They were analysed for the localization of the three enzymes secreted by the wild-type strain (Table 2 ). In each mutant the pectate lyase activity was found bound to the cell and essentially in the periplasm. Cellulase activity was also mainly located in the periplasmic space, whereas the protease activity remained extracellular ( Table 2) . As a control experiment, the location of the periplasmic enzyme P-lactamase, and of the cytoplasmic enzyme P-galactosidase, was examined: 77-9774 of the activities of these enzymes were detected in the periplasmic and cytoplasmic fraction, respectively. These seven mutants were designated as out-1 to out-7.
Identification of the lac fusions To verify that these mutations really resulted from a Mu insertion, a stock of the generalized transducing phage phi-EC2 was used to infect each MudI 1681 mutant (A769, A770, A839) and the Kmr marker carried by the Mu prophage was transduced to a wild-type strain. In each mutant, the PGA-phenotype could be cotransduced with Kmr ( Table 3 ). The cotransduction of these phenotypes indicated that the PGA-mutation was the result of Mu insertion. However, the linkage between Kmr and PGA-was not loo%, as could be theoretically expected, even when the transductions were realized on a Mu cts lysogen in order to prevent zygotic induction ( Table 3) . We presume that this is due to an undetermined inaccurate transposition of phage Mu during transduction. The low cotransfer frequency obtained in some cases (A769, A265MK and A341MK) probably means that there is more than one MudI 1681 insertion in these strains.
The Mud(Aplac) mutants A265, A341, A655 and A692 were infected with a stock of MudI 1681. KmrAps transductants were isolated to transform the Mud(Ap1ac) insertion into a MudI 1681 insertion, by recombination between the Mu phages. The wild-type strain 3937 was then transduced to the Kmr phenotype by stocks of phi-EC2 made on MudI 1681 insertion Fractions were prepared by the lysozyme-EDTA method as described in the text. 0 , Growth; ., A, 0, pectate lyase activity in the supernatant (I) in the periplasm (A) and in the cytoplasm + membrane fraction (a). strains A265MK, A341MK, A655MK and A692MK. The PGA-phenotype was, in each case, linked to the Mu insertion (Table 3) . Four of these Mu insertion mutants, A341, A655, A769 and A770, expressed P-galactosidase, probably resulting from Mu insertion in the out gene in the correct orientation. In these four mutants, cotransduction analysis showed a strong linkage between P-galactosidase synthesis, the antibiotic resistance carried by the phage and the PGA-phenotype.
Pectate lyase location during the growth phase
Growth curves of and pectate lyase production by a representative secretory mutant and its wild-type progenitor are shown in Fig. 1 . The growth patterns of the two strains were very similar, whereas the location of the enzyme differed markedly. In the wild-type strain, release of pectate lyases into the medium began in the mid-exponential phase and was maximum in the late-exponential phase. Pectate lyase activity increased first in the periplasm and then in the culture medium. Very little activity was detected in the cytoplasm. This suggests the existence of a temporary pool of active internal pectate lyases located in the periplasmic space in the wild type strains. In the out mutant A341, pectate lyases were produced normally but remained in the periplasm. Comparable results were obtained with the other out mutants. The increase in pectate lyase activity observed in the cytoplasmic plus membrane fraction was due either to Table 4 . EBect ojdiJerent growth conditions on pectate lyase production Pectate lyase activity was assayed as described in the text and is expressed as a percentage of total activity (units as in Table 2 ). Cells of the mutant strain A420 and of the parental strain 3937 were fractionated by a lysozyme-EDTA method as described in the text. When not specified, cultures were grown at 30 "C. Production ojpectate lyases by the out mutants In the out mutants or in the wild-type strain, the production of pectate lyases was inducible in the presence of galacturonate and PGA ( Table 4) . The total pectate lyase activity in glucose minimal medium was lower than that in glycerol minimal medium. Pectate lyase activity was higher in semi-aerobic conditions than in aerobic conditions. The synthesis of pectate lyases was also determined at different temperatures (Table 4) ; pectate lyase activity increased with a decrease in temperature.
The export of pectate lyases was not really modified in these various conditions, since the percentages of pectate lyase activity in each fraction were similar. The periplasmic fraction of each mutant was compared to the culture supernatant of the wild-type strain by electrofocusing and specific staining of pectate lyase activity. The apparent isoelectric points of the five pectate lyases (PLa to PLe) from the periplasm of each mutant were identical to those of pectate lyases from culture supernatant of the wild-type, and the respective concentrations of each pectate lyase were similar (Fig. 2) .
Composition ojperiplasrnic proteins
We compared the protein composition of the outer membrane and the periplasmic space of each mutant with that of the wild-type strain by SDS-PAGE. The outer-membrane protein patterns in the mutants were identical to that of the wild-type (data not shown). In contrast, the protein profiles of the periplasmic space were different in the wild-type and the out mutants A265 and A770 (Fig. 3) . These mutants contained several more intense bands (e.g. 78, 50 and 35 kDa) than did the wild-type. These proteins are probably exported through the outer membrane in the wild-type strain, and retained in the periplasm of the out mutants. Moreover, one band, corresponding to a protein of 65 kDa was absent in the periplasmic fraction of these two mutants (Fig. 3) .
Expression of the out-lacZ fusions
The expression of the out-lacZ fusions was tested in various growth conditions (Table 5) . The various carbon sources tested had little influence on the synthesis of P-galactosidase. The . Table 5 . P-Galactosidase production by the out strain A770 in diflerent growth conditions Cells of strain A770 were fractionated by a chloroform method as described in the text. When not specified the basal medium used was M63. Culture conditions are as described in Methods. Enzyme units are as in Table 2 expression of out appeared weakly sensitive to catabolite repression exerted by glucose and was not induced by PGA or galacturonate. While synthesis of pectate lyases increased under semiaerobic conditions or at low temperatures, that of P-galactosidase from the out : : lac2 fusions was not changed. Analysis of the P-galactosidase activity from the out-lac fusions at various times during growth showed that out expression appeared to be independent of the growth phase. All the other cultural conditions tested did not alter P-galactosidase expression : variation of phosphate concentration (Table 5) , iron concentration and the pH of the medium, and addition of ethanol (data not shown).
J . J I AND O T H E R S DISCUSSION
We have isolated mutants altered in secretion of pectate lyases by using Mu insertion mutagenesis in Erwinia chrysanthemi 3937. These mutants are unable to use PGA as carbon source for growth. In the out mutants the total amounts of pectate lyases or cellulases were similar to that of the wild-type, but the localization of these enzymes markedly differed. The wild-type produced approximately 80-90 % of both enzymes in the culture medium, whereas out mutants retained 80-90% of both enzymes within the periplasmic space. These findings agree with earlier observations (Andro et al., 1984 ; Thurn & Chatterjee, 1985) and show that pectate lyase production and pectate lyase secretion are two independent events in E. chrysanthemi.
By using electrofocusing and specific staining, five pectate lyases with isoelectric points of about 4.7, 7.7, 8.3, 9.6 and 10.3 were identified in the culture medium of the wild-type or in the periplasmic fraction of the out mutants. The same result was reported by Andro et al. (1984) . Therefore, the pectate lyases of E. chrysantherni are not modified during their export through the outer membrane.
When pectate lyase production begins, in the mid-exponential phase, the enzyme molecules are temporarily accumulated in the periplasmic space before their release into the extracellular medium, forming an intracellular pool of active pectate lyases. Pectate lyase molecules are probably first transported through the cytoplasmic membrane, accumulated in the periplasmic space and finally secreted into the culture medium. The secretory process of pectate lyases through the cytoplasmic membrane might be co-translational, since no pectate lyases accumulated in the cytoplasmic fraction during the growth phase of the wild-type or of the out mutants.
Little is known about the mechanism or regulation of the secretion of proteins into the extracellular growth medium by E. chrysanthemi. Thurn & Chatterjee (1985) noted the absence of a 35 kDa periplasmic protein in out mutants of E. chrysanthemi EC16. In our study of the periplasmic proteins of the out mutants, we noted the absence of a 65 kDa protein. The existence of export-specific proteins has been reported in other secretory systems. For instance, the haemolysin of Esch. coli is translocated across the outer membrane and excreted into the culture medium in cooperation with two membrane proteins of 48 and 62 kDa (Wagner et af., 1983; Hartlein et af., 1983). We suggest that a periplasmic protein of 65 kDa has a role in the secretion of pectate lyases in E. chrysantherni.
The availability of out-lac2 mutants allowed us to assay out gene expression by measuring the P-galactosidase activity of the out-lac2 gene fusions. Our results showed that the production of b-galactosidase was not affected by the various growth conditions. There was no significant modification of the total amount of P-galactosidase under semi-aerobic conditions, at low temperatures, at different growth phases or in the presence of galacturonate or PGA, although these conditions affected pectate lyase production. These results show that pectate lyase secretion is mediated by genes which are not co-regulated with the pectate lyase structural genes. In conclusion, we hypothesize that the out gene is constitutively expressed. Secretion can take place when enough pectate lyase molecules have accumulated in the periplasm, without a preliminary adjustment in the amount of the out product.
We are now attempting to clone the wild-type allele of the out gene by complementation of the out mutations. The cloning of this gene should allow us to determine the mechanism of protein secretion in E. chrysanthemi.
